Abstract -The choice of cultivation system in arable agriculture exerts a strong influence not only on soil health and crop productivity but also on the wider environment. Conservation tillage using non-inversion methods conserves soil carbon, reduces erosion risk and enhances soil quality. In addition, conservation tillage has been shown to sequester more carbon within the soil than inversion tillage, reducing carbon dioxide losses to the atmosphere. Stable, well structured topsoils that develop following long-term conservation tillage lead to more energy efficient systems due to the reduced power requirements for cultivation. Long-term experiments, e.g. more than 20 years, that confirm the impact of conservation tillage over an extended period are not common. Here we evaluate the impact of different tillage methods and winter wheat straw management, either incorporated or removed, on organic matter turnover and soil quality indicators. No-till, chisel and mouldboard ploughing was carried out for 23 years on a silty clay loam soil in South West England that was not considered suitable for non-inversion tillage due to weak soil structure. In order to assess the effect of contrasting cultivation and straw disposal method on soil carbon dynamics, a range of assays were conducted, including water extractable organic carbon, hot water extractable carbohydrate, microbial biomass carbon, activity of β-glucosidase and acid phosphatase enzymes, C sequestration and the natural abundance of 13 C. Our results show that the soil organic carbon concentration in the topsoil was greater under no-till than mouldboard ploughing, while a reverse trend was observed in the lower depths. A 14-17% increase in soil organic carbon was observed in the topsoil for chisel plough and no-till treatments compared to mouldboard ploughing. Water extractable organic carbon was found to constitute only 1-7% of the microbial biomass carbon. Hot water extractable carbohydrate was one of the most sensitive indicators of soil quality and had a significant a negative correlation with bulk density and positive correlation with soil organic carbon microbial biomass carbon β-glucosidase and acid phosphatase. The choice of cultivation method exerted a major control on microbial and carbon dynamics. No-till and chisel ploughing maintained carbon in the soil surface horizons, which will benefit the stability of this weakly structured soil, but mouldboard ploughing distributed carbon more uniformly throughout the soil profile, particularly when straw was incorporated, hence leading to the retention of more carbon in the soil profile. soil quality / carbon sequestration / tillage / straw management / winter wheat
INTRODUCTION
The choice of tillage system allows farmers to optimise the soil environment for crop plants and achieve important environmental benefits. The adoption of conservation tillage methods such as minimum cultivation and residue incorporation can reduce carbon emissions and enhance soil structural stability, thus reducing erosion risk (Zuazo and Pleguezuelo, 2008) . Only by understanding the complexity of organic matter transformations under contrasting tillage can the full environmental and agronomic benefit be determined. The potential negative effects of conventional or inversion tillage (ploughing) in arable cropping systems, such as the loss of organic matter and structure degradation, can be countered by the use of conservation tillage practices to improve soil quality (Rasmussen and Collins, 1991; Roberto et al., 1995; Scopel et al., 2005; Lal, 2008; He et al., 2009 ). The combined effect of non-inversion tillage and straw incorporation on the accumulation of soil organic carbon was reported to be greater than the effect of either tillage reduction or straw incorporation alone (Kushwaha et al., 2001 ). West and Post (2002) analyzed data from longterm studies across the world and reported an average C gain of 0.57 Mg C ha −1 yr −1 following a change from inversion tillage to no-tillage systems. No-tillage systems not only conserve soil organic matter, but can reduce greenhouse gas emissions (Smith et al., 1998) .
Observed changes in other biological quality indicators due to straw incorporation following adoption of no-till systems include enhanced microbial activity and biomass (Ahl et al., 1998; Montemurro et al., 2007) . In general, microbial biomass and microbial processes in the surface soil under reduced tillage are significantly greater than those in ploughed soils. Hot water extractable carbohydrate and water extractable carbon, being a highly labile component of soil organic matter, are sensitive to soil management practices (Doran and Parkins, 1994) and therefore can be used as a sensitive indicator of soil quality. Phosphatase, β-glucosidase and urease activity in soil are most frequently used among the specific biochemical soil quality parameters and appropriately, represents the C, N and P cycles (Gil-Sotres et al., 2005) . Deng and Tabatabai (1997) investigated the effect of tillage and straw management on enzyme activities in soils, and found that most of the enzymes studied were present in significantly greater concentrations in no-till than in other tillage systems.
Long term field experiments represent a valuable source of information on the impact of agronomy on the carbon sequestration, turnover of soil organic matter, and change in soil quality indicators over time (Lichtfouse, 1997; Carter, 2005; Lichtfouse et al., 2005; Benbi and Brar, 2009) . In this paper we report the effect of contrasting tillage and straw management practices on C sequestration, organic matter turnover and soil quality indicators from a long-term (23 year) winter wheat cultivation trial in South West England.
MATERIALS AND METHODS

Experimental design and tillage treatments
A long term field experiment was established in 1982 at the University of Plymouth Farm, Seale-Hayne, Devon, South West England (National Grid Reference SX 823722) to assess the impact of contrasting tillage on the agronomy of winter wheat (Triticum aestivum L.). The long-term average rainfall for the site is 975 mm per annum. The experiment was designed to investigate soil and crop responses to three tillage treatments: no-till, chisel plough (minimum tillage) and mouldboard plough (conventional tillage). The experimental site was divided into three blocks within which each treatment was replicated three times. Treatments were allocated randomly within each block. Each treatment plot measured 40 × 5 m. Initially, all straw was baled and removed from the plots prior to stubble burning. However, following the ban on straw burning in England in 1993, each plot was subdivided into two 20 × 5 m plots, and an additional treatment superimposed on the original experiment, with straw either removed or incorporated. These straw treatments were allocated on a random basis. Hence since 1993 the experiment has consisted of six treatments, replicated three times. Full treatment details are given in Table I . Following primary and secondary cultivation all plots receive the same husbandry inputs appropriate to winter wheat production in South West England.
Soil sampling and analysis
The experimental plots are underlain by a dystric cambisol of the Denbigh Association, derived from Devonian slates and mudstones. The soil at the experimental site is a silt loam (0.08 g g −1 sand, 0.81 g g −1 silt and 0.11 g g −1 clay) and is classed as structurally weak (Findlay et al., 1984) . Soil depth to in situ slate varies between 450-650 mm. Soil samples were collected in November 2005. Four soil cores (volume 220 cm 3 ) were randomly taken from each replicate at three depths, with the sample mid-point being 50, 150 and 250 mm. Throughout this paper the 50 mm soil depth is referred to as the topsoil. Samples were air-dried and ground to pass a 2 mm sieve prior to analysis.
Soil pH was measured in a 1:2.5 soil:water suspension. Soil organic carbon, total N, 13 C and 15 N were determined by continuous flow-isotope ratio mass spectrometry, using automated N analysis mass spectrometry. Ground wheat flour was used as the working standard and analysed after every tenth sample, resulting in an analytical precision of <0.1 and 0.2% for δ 13 C and δ 15 N units, respectively. Natural abundance of 13 C was expressed as δ 13 C VPDB which represents the ratio 13 C: 12 C relative to the Vienna PDB standard. The δ 13 C values were defined as [atom% 13 C sample -atom% 13 C standard / atom% 13 C standard ] × 1000. As the soil samples were free of lime, the measured TOC solely comprised organic C. Soil organic carbon and total N in the 0-100 and 100-200 mm depth layers was compared on an Effect of tillage system and straw management on organic matter dynamics 527 equivalent mass basis. This method eliminates the potentially erroneous comparisons that might result from calculating the C storage as the product of concentrations, bulk density and depth (Ellert and Bettany, 1995) . The mass of the heaviest soil layer in the latter approach most susceptible to the influence of management is designated as the "equivalent" mass. In our case, the highest mass of soil in 50 mm depth was found to be under the no-till with straw removed treatment (1.21 Mg m −3 ) treatment while in case of 150 mm depth, it was under chisel plough straw removed treatment (1.32 Mg m −3 ). Soil organic carbon, total N and microbial biomass carbon stocks were calculated for the 0-200 mm soil depth using the procedure described by Ellert and Bettany (1995) . Carbon stock was not calculated for the 200-300 mm depth, as this method requires bulk density data for the soil depth immediately below that for which the calculation is made, and this experiment bulk density data was not collected for the 350 mm depth.
The concentration of microbial biomass carbon in soil was determined following a modified fumigation-extraction method (Gregorich et al., 2000) . The microbial biomass carbon was calculated as the difference in soluble organic C between the fumigated and unfumigated extracts, divided by 0.45, as recommended by Wu et al. (1990) . The fraction of the SOC extracted with water in unfumigated sample was classified as water extractable organic carbon. Hot water extractable carbohydrate was obtained by incubating field moist soil samples with distilled water at 80
• C for 16 h. Total carbohydrate in the soil extract was determined by phenol-method without acid hydrolysis (Safarik and Santruckova, 1992) . The extracted soil solution was mixed with 5% phenol solution on a 1:1 ratio, and the absorbance measured at 485 nm with glucose as standard. Results are expressed on an oven dry basis. The activity of two soil enzymes, β-glucosidase and acid phosphatase, was determined using the methods described by Tabatabai (1994) . Field moist sieved samples stored at 4
• C for 12 weeks after sampling were used for the enzyme assays. Results are expressed on the basis of oven dry soil (105 • C). Water content was determined after oven-drying at 105
• C for 48 h. Statistical analysis was based on simple linear regression and analysis of variance. The data in all tables are given as the mean ± standard error of the six treatments, unless indicated otherwise.
RESULTS AND DISCUSSION
Soil pH and bulk density
The effect of cultivation and straw disposal treatment on soil pH and bulk density is shown in Table II . Topsoil pH varied with tillage treatment, but this effect was not observed in the lower horizons. Soil pH at 50 mm depth under mouldboard ploughing was greater than the other two tillage treatments, and increased significantly with soil depth, but there was no significant effect of straw management on pH (Tab. III). These results are in agreement with most previous studies which have mostly reported non-significant effects of cultivation systems on pH (Dalal et al., 1991) Straw incorporation caused a 2.3-5.0% bulk density reduction at the 150 and 250 mm depths, while similar effect was not observed at 50 mm. In comparison to mouldboard ploughing, chisel ploughing and no-till caused an 8-11% and 5% bulk density increase at 50 and 150 mm, respectively. However, in case of the 250 mm depth, no-till and chisel ploughing had a beneficial effect on bulk density, causing a 3.4-6.6% decrease compared to mouldboard ploughing (Tab. II). These observations agree with many previous studies which note that despite frequent loosening by cultivation, the declining soil structural condition of mouldboard ploughed soils usually leads to increased compaction, particularly after many years of contrasting cultivation (e.g. Carter, 2005; He et al., 2009 ).
Soil organic carbon, nitrogen and C/N ratio
Soil organic carbon concentration varied with tillage and straw disposal treatment (Fig. 1b) . SOC was significantly higher with chisel ploughing and no-till cultivation compared with mouldboard ploughing at the 50 mm soil depth, while a reverse trend was observed at 150 and 250 mm (Tabs. III, IV). Chisel ploughing and no-till cultivation, together with straw incorporation significantly increased the SOC at 50 mm compared with mouldboard plough without straw incorporation. The largest increase occurred in no-till straw incorporated treatment (17.7%) and the smallest was recorded in the no-till straw removed treatment (7.1%). In general, straw incorporation did not have any effect on concentration of SOC in the lower soil horizons (150 and 250 mm). The SOC concentration at depths of 150 and 250 mm were consistently lower than at 50 mm. Irrespective of soil depth, there was no significant interaction effect of tillage and straw treatments on SOC, while soil depth did have a significant effect on SOC (Tab. IV). In order to quantify the mass of SOC for each treatment it is necessary to account for variation in bulk density (Ellert and Bettany, 1995) . Following adjustment using mean bulk density values for each treatment to calculate total C stock, tillage and straw management was seen to have a significant effect Table III . Statistical summary of tillage (T) and straw management (S) effect on soil properties. F-values and significance level among means of different soil properties were computed by two way ANOVA with factors tillage (df = 2) and straw management (df = 1). Values within brackets represent least significant difference (P < 0.05). * P < 0.05, ** P < 0.01, *** P < 0.001. 
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on C stock at 50 mm. After twelve years, the carbon stock of the soil at the 50 mm depth under no-till straw incorporation and chisel ploughing with straw incorporation increased by 17 and 14% respectively, compared with the soil under mouldboard ploughing with straw removed (Tab. V).
While there was no observed effect of tillage method or straw incorporation on total N at 50 or 150 mm soil depths (Fig. 1a , Tab. III), at 250 mm total N under mouldboard ploughing was significantly higher than the other cultivation methods. Straw incorporation also resulted in a significant increase in total N. The effect of straw management on C/N ratio was evident only in the topsoil, where straw incorporation resulted in an increase in the C/N ratio. Tillage had a significant effect on the C/N ratio in the topsoil with the highest value (8.75) observed in the no-till soil followed by chisel (8.65) and mouldboard ploughing (8.35). At the 150 and 250 mm depths, the opposite trend was observed, with the highest value under mouldboard ploughing followed by chisel ploughing and notill. The summary statistical significance of these differences is given in Table IV. The results reported here confirm the importance of using data from long term tillage experiments to assess changes in soil organic matter and related properties. The increase in carbon stock following no-till and chisel ploughing that was confined to the 50 mm soil depth, and was not apparent for the combined sampling depth of 0-200 mm. The widespread view that non-inversion tillage favours carbon sequestration may simply be an artefact of sampling methodology. For example, # df = 1 for C, N and microbial biomass carbon stock. He et al. (2009) observed statistically significant differences between cultivation systems at soil depths down to 200 mm, but not deeper. Studies that have involved deeper sampling generally show no C sequestration advantage for minimum tillage, and often show more C in conventionally tilled systems. In a review of C sequestration research in Canada, Vanden Bygaart et al. (2003) reported nearly 100 plot studies of the impact of conservation tillage in Canada. In 17 experiments where the sampling depth was 300 mm or less, 37 out of 45 no-till treatments (82%) reported more SOC than in the conventionally tilled (mouldboard ploughed) control, with a mean annual SOC gain of 0.38 ± 0.72 t ha −1 year −1 ; in the five experiments where the profile was sampled to a depth greater than 300 mm, a majority of the trials (35 out of 51, or 69%) registered less SOC in the no-till treatment relative to conventional tillage, with a mean annual SOC loss of -0.23 ± 0.97 t ha −1 year −1 . In this review even a shallow combined sampling depth of 0-200 mm did not show any advantage of having more sequestration of carbon under non-inversion tillage compared with inversion tillage. Vanden Bygaart et al. (2003) observe that non-inversion tillage physically protects part of the organic matter in the top layer from mineralization by inclusion within macro-aggregates. With conventional inversion tillage on the other hand, aggregates will be more thoroughly disrupted, assisting loss of organic matter (Rasmussen and Collins, 1991) . In our experiment chisel ploughing and notill increased the C/N ratio at the 50 mm depth due to the straw becoming concentrated on the soil surface while mouldboard ploughing increased the C/N ratio at 250 mm due to buried particulate organic material.
Labile soil organic matter and soil enzyme activity
Long-term tillage treatments had a significant effect on the distribution of microbial biomass carbon with the highest values observed under mouldboard ploughing (Fig. 1c and Tabs. III, IV). At 50 mm, adoption of no-till and chisel ploughing did not produce a significant change in the concentration of microbial biomass carbon. Straw incorporation also did not have any significant effect on microbial biomass carbon, although the distribution of microbial biomass carbon within the sampling depth was significantly affected by treatment. A gradient of microbial biomass carbon was evident down the soil profile, but the total was not statistically different between tillage systems. Straw incorporation significantly increased the water extractable carbon at 50 mm, but this effect was not observed at 150 or 250 mm (Tab. III), nor was there any interaction effect of tillage and straw management on water extractable organic carbon. Tillage system strongly influenced the hot water extractable carbohydrate concentration of soil at all sampling depths (Tab. III). As with SOC, hot water extractable carbohydrate was concentrated in the 50 mm layer under no-till and chisel ploughing, but was more uniformly distributed down profile under mouldboard ploughing. The concentration of hot water extractable carbohydrate at 50 mm increased under all the tillage treatments after twelve years of straw incorporation, being highest for the no-till soil (426 μg C g −1 ) compared with chisel (405 μg C g −1 ) and mouldboard ploughing (310 μg C g −1 ).
The activities of β-glucosidase and acid phosphatase enzymes in different depths of soil under different tillage and straw management are shown in Table V . In general, chisel ploughing and no-till increased enzyme activity at 50 mm, where as mouldboard ploughing tended to increase enzyme activity in the subsurface layers. With one exception, the tillage treatments had a significant effect on the activities of both enzymes in all the depths of soil. Straw incorporation had a marked effect on β-glucosidase activity in all the depths of soil whereas the effect was confined only to the 50 mm soil depth for acid phosphatase (Tab. V). No-till and chisel ploughing in association with straw incorporation increased enzyme activity at 50 mm compared with mouldboard ploughing. The activities of the enzymes declined with soil depth, and there was strong interaction effect between tillage and soil depth on the two soil enzymes studied. The regression relationships between enzyme activities, other soil properties, tillage and straw treatments for the whole soil profile are given in Table VI. The reduction of tillage intensity from mouldboard ploughing to either chisel ploughing or no-till, as well as straw incorporation increased the supply of carbohydrates for microorganisms and soil enzyme activity. Enhanced microbial activity was reflected by increased microbial biomass carbon concentration, and its significant positive correlation (Tab. VI) with β-glucosidase activity in soil. The highly significant effect of tillage and straw management on β-glucosidase activity, along with the high correlation between this enzyme and microbial biomass carbon, suggests that β-glucosidase enzyme is a good indicator to assess the effect of long term tillage and straw management on the biological activity of soil.
The effects of tillage reduction and straw incorporation were only seen in differing soil δ 13 C, but not in δ 15 N ratio under the various treatments. The absence of required long term crop and incorporated straw δ 13 C and δ 15 N data makes it difficult to explain the soil isotope results further, as was achieved in some previous studies (e.g. Wanniarachchi et al., 1999) . However, the results confirm that δ 13 C is indeed a good diagnostic indicator of long term management induced changes on organic matter content and distribution in arable soils, in line with findings in other studies (e.g. Lobe et al., 2005) . Microbial biomass carbon and its ratio with SOC have been suggested as useful measures for assessing organic matter dynamics (Sparling, 1992) . The variation of microbial biomass carbon with depth under non-inversion and inversion tillage reported here was consistent with previous research (e.g. Deng and Tabatabai, 1997) . Water extractable carbon, being a highly 532 S. Hazarika et al. labile pool of soil C, may be sensitive to perturbation and stress in the soil-plant ecosystems (Doran and Parkins, 1994) and therefore, could be used as a sensitive indicator of soil quality. Water extractable carbon is usually considerably smaller than other labile pool. In this case, it constituted between 1-7% of the microbial biomass carbon pool. Water extractable carbon represents only a small fraction of SOC but determines soil microbial activity (Janzen et al., 1992) . Like SOC, there was a direct relationship between straw incorporation and water extractable carbon. Soil carbohydrates, which comprise about 5-25% of soil organic matter, are readily degradable components of SOM and the major energy sources for microorganisms. Haynes et al. (1991) found that the fraction of soil carbohydrate extractable with hot water was more closely correlated with aggregate stability than soil organic matter content. In our experiment the elevated concentration of hot water extractable carbohydrate at 50 mm and the marked decline in the subsoil horizons under no-till and chisel ploughing was matched by a concomitant decline in concentration of SOC.
CONCLUSION
No-till and chisel ploughing with crop straw incorporation provide the best strategy to maintain or improve the long-term quality and productivity of temperate arable soils in the South West England. These cultivation methods promote surface accumulation of straw enabling sequestration of C in the surface soil horizons. For weakly structured soils, maintenance of organic matter is vitally important to allow continued use of soilconserving minimum tillage systems. Our results confirm that no-till and chisel ploughing maintained carbon in the surface soil horizons, but mouldboard ploughing distributed carbon more uniformly throughout the soil profile, particularly when straw was incorporated. In terms of soil quality assessment, the significant positive correlation between hot water soluble carbon and SOC, microbial biomass carbon, β-glucosidase and acid phosphatase enzymes indicates that hot water soluble carbon is a sensitive indicator of tillage and straw management effects in winter wheat systems.
